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ABSTRACT
A chiral plasma plume has recently been reported inside a circular quartz tube without the use of an external magnetic field. It is believed
that the quartz tube plays an important role in the formation of the chiral plasma plume. In this paper, to better understand how this
interesting structure is generated, the effect of the tube geometry on the chiral plasma is investigated. First, the effect of the thickness of the
tube wall on the chiral plasma is investigated. It is interesting to find that a too thin or too thick tube wall is not favorable for generating
the chiral plasma. The chiral plasma plume can be obtained only at the tube wall thickness of 2mm. Second, the effect of the diameter of the
tube on the chiral plasma is investigated. It is found that, when a tube with an inner diameter of 2mm is connected with a tube with an inner
diameter of 4mm and the high voltage electrode is placed in the tube with an inner diameter of 2mm, a diffuse plasma is generated in the
tube with an inner diameter of 2mm, it propagates into the tube with an inner diameter of 4mm, and a chiral plasma can be obtained at a
distance of about 2 cm away from the joint of the two tubes. Third, to further understand how the tube diameter affects the appearance of
the chiral plasma, horn shaped tubes with different opening angles are tested. It is found that, when the opening angle is 5, the chiral
plasma formation in the straight part of the tube can maintain the chiral shape and keep propagating in the horn shaped tube but with a
much longer pitch. Fourth, to disrupt the axial symmetry, square quartz tubes are used. No chiral plasma can be obtained in the square
quartz tubes under all experimental conditions. In addition, when a circular quartz tube is connected with a square tube, the chiral plasma
formation in the circular quartz tube changes to a straight plasma plume in the square tube. Finally, the high voltage electrode is placed away
from the center of the circular tube to disrupt its symmetry, and it is found that the chiral plasma plume can always be seen even if the high
voltage is placed next to the inner wall of the tube.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5120288
I. INTRODUCTION
Atmospheric pressure plasma jets propagate along a predeter-
mined path defined by the flow of noble gases.1–8 They normally
appear as straight plasma plumes and are widely used for various appli-
cations such as plasma medicine.9–16 High speed photographs show
that the plasma is actually like a “bullet” with a propagation velocity of
104 to 105 m/s.17–23 Under some specific conditions, the plasma plume
could also exhibit different shapes such as a featherlike shape.24
Chiral plasma mostly appears in devices such as tokamaks and
stellarators where the external magnetic field is applied. However, as
reported in our previous work, a chiral shaped plasma driven by
pulsed DC voltages without the external magnetic field at
subatmospheric-pressure nitrogen gas has been observed recently.25 In
addition, similar stable helix plasmas are also found in other plasma
devices.26,27 However, the reason for the appearance of the helix
plasma is still not well understood.
In general, when a plasma is generated in a dielectric tube, it is
believed that the dielectric tube will affect the plasma because of the
charge accumulation on the inner surface of the quartz tube.28–30
Investigations on the dynamic behavior of the plasmas generated in
the tubes showed that most of them propagate in a straight line. This
is totally different from what is reported in Ref. 25 where a stable helix
plasma plume is generated inside a quartz tube.
This chiral shape only appears under limited experimental condi-
tions. When the gas pressure or the electrical parameters (amplitude,
frequency, and pulse width of the applied voltage) are changed slightly,
the chiral plasma disappears. Further studies show that, when a stain-
less steel helical coil is placed on the outside of the dielectric tube, the
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chiral plasma appears in much wider parameter ranges than the case
without the helical coil.31,32 It is suspected that the helical coil reduces
the impedance of the discharge channel and thus results in the appear-
ance of the chiral plasma. However, it is still not clearly understood
what contributes to the initiation of the chiral plasma when no helical
coil is used.
As reported previously, it is believed that the dielectric tube plays
an important role in the discharge behavior. However, for all the
experiments reported, only circular tube has been used. Since the
dielectric tube plays an important role in the appearance of the chiral
plasma, in this paper, the dimensions of the tube, the shape of the
tube, and the position of the high voltage electrode are adjusted to see
how they affect the appearance of the chiral plasma. It is believed that
all the phenomena reported in this paper will be helpful for a better
understanding of the mechanism of the chiral plasma.
II. EXPERIMENTAL SETUP
The schematic of the experimental setup is shown in Fig. 1(a).
The vacuum chamber is connected to the gas inlet and vacuum pump.
Nitrogen is used as the working gas. Various discharge tubes as shown
in Figs. 1(b)–1(f) are placed in the vacuum chamber. The plasma
plume is generated in all the quartz tubes. A needle electrode is
inserted into one end of the quartz tube. The other end of the quartz
tube is open. Five different groups of quartz tubes are used in the
experiment. Figure 1(b) shows quartz tubes with different wall thick-
nesses. Figure 1(c) shows two quartz tubes with different diameters
connected together. Figure 1(d) shows quartz tubes with a horn shape
of different angles. Figure 1(e) is a square shaped quartz tube. Figure
1(f) is a tube where the left part of the tube has a circular shape, while
the right part has a square shape. The total length of all the quartz
tubes is 10 cm.
A pulsed DC power supply with an adjustable amplitude of
0–10 kV, a repetition frequency of 0–10 kHz, and a pulse width from
200 ns to DC is used in this experiment. A Tektronix HV probe P6015
is used to measure the applied voltage. The gas pressure in the vacuum
pump is measured using an Inficon vacuum gauge PCG550. The
plasma photographs are captured using a Canon D7000 camera with
an exposure time of 0.1 s.
III. EXPERIMENTAL RESULTS
A. The effect of gas pressure and electrical parameters
on the chiral plasma
In this experiment, a quartz tube with inner and outer diameters
of 4 and 8mm, respectively, is used. The gas pressure in the vacuum
chamber and the electrical parameters are adjusted. The correspond-
ing photographs of the plasmas are captured.
1. The effect of gas pressure on the chiral plasma
The gas pressure in the vacuum chamber is adjusted from 3 kPa
to 11 kPa, and the corresponding photographs of the plasmas are cap-
tured. As shown in Fig. 2, when the gas pressure is 3 kPa, a diffuse
plasma can be observed. With the increase in gas pressure to 5 kPa, a
blurry chiral plasma can be observed. Upon a further increase in the
gas pressure to 7 kPa, a clear and long chiral plasma appears.
However, upon increasing the gas pressure to 9 kPa, a clear chiral
plasma can still be observed, but it becomes shorter. When the gas
pressure is increased to 11 kPa, the chiral plasma becomes blurry
again, and it is much shorter.
FIG. 1. (a) Schematic of the experimental setup. (b) Quartz tubes with different inner and outer diameters. (c) Two quartz tubes with different diameters connected together. (d)
Quartz tube with the needle electrode place shifted from the center. Besides, the quartz tubes have a horn shape of different angles. (e) Square shaped quartz tube. (f) Quartz
tube where the left part of the tube has a circular shape, while the right part has a square shape.
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2. The effect of applied voltage amplitude on the chiral
plasma
The applied voltage is adjusted from 4kV to 5.5 kV, and the cor-
responding photographs of the plasmas are captured as shown in Fig.
3. When the applied voltage is 4 kV, the chiral plasma can be observed.
When it is increased to 4.5 kV, the length of the chiral becomes longer,
and the chiral shape can still be clearly seen. However, when the volt-
age is further increased to 5 kV, the plasma becomes blurry and the
chiral shape becomes unclear. Upon further increasing the applied
voltage to 5.5 kV, the plasma appears more or less diffused.
3. The effect of the pulse width of the applied voltage
on the chiral plasma
The pulse width of the applied voltage is adjusted from 0.5 ls to
10 ls, and the corresponding photographs of the plasma are captured
as shown in Fig. 4. When the pulse width is set as 0.5 ls, the chiral
plasma can be observed. Increasing the pulse width to 1 ls results in a
longer chiral plasma plume. But upon further increasing the pulse
width to 2 ls, the plasma appears dimmer and the chiral shape
becomes unclear. Increasing the pulse width to 5 or 10 ls results in a
significant reduction in the length of the plasma plume.
4. The effect of the pulse frequency of the applied
voltage on the chiral plasma
Figure 5 shows the photograph of the plasma for pulse frequen-
cies of 1, 3, 5, and 7 kHz, respectively. As shown in Figs. 5(a)–5(c),
with the increase in the pulse frequency, the chiral plasma appears to
be almost the same but becomes brighter. However, upon further
increasing the frequency to 7 kHz, the plasma appears diffused rather
than having a chiral shape.
FIG. 2. Photographs of the plasma with different gas pressures. (a)–(e) correspond to the gas pressures of 3, 5, 7, 9, and 11 kPa, respectively. The inner and outer diameters
of the tube are 4 and 8 mm, and the total length of the quartz tube is 10 cm. Working gas: N2; amplitude of voltage: 4.5 kV, pulse frequency: 2 kHz, and pulse width: 1 ls.
FIG. 3. Photographs of the plasma with different voltage amplitudes. (a)–(d) correspond to the voltage amplitudes of 4, 4.5, 5, and 5.5 kV, respectively. The tube internal diameter
is 4 mm, the external diameter is 8 mm, and the total length of the quartz tube is 10 cm. Working gas: N2; gas pressure: 7 kPa, pulse frequency: 2 kHz, and pulse width: 1 ls.
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B. The effect of the shape of the tube on the chiral
plasma
Since quartz tube plays an important role in the formation of the
chiral plasma, the shape of the quartz tube should affect the appear-
ance of the plasma. Next, various shapes of tubes are studied to see
how they affect the formation of the chiral plasma.
1. Different thicknesses of the tube wall
As discussed before, the chiral shaped plasma only appears in
dielectric tube under certain limit conditions. It is suspected that
the dielectric tube wall affects the impedance of the discharge and
thus affects the appearance of the plasma. Therefore, the thickness
of the tube wall probably affects the formation of the chiral
plasma. Next, quartz tubes with four different thicknesses of the
wall are used. As shown in Fig. 6(b), when the wall thickness is
2mm, a clear chiral plasma can be obtained. When the wall thick-
ness is either reduced to 1mm [Fig. 6(a)] or increased to 3mm
[Fig. 6(c)], only a vague chiral plasma can be observed. Upon fur-
ther increasing the wall thickness to 4mm as shown in Fig. 6(d),
the plasma appears more or less diffused, and the chiral shape can
hardly be seen.
Since electrical parameters also affect the formation of chiral
shaped plasma, next, the pulse frequency is increased to 6 kHz to see
how it affects the appearance of the plasma for different wall thick-
nesses of the tube. As shown in Fig. 7, the chiral can be only obtained
in the tube for the wall thickness of 2mm. A too thin or too thick wall
is not favorable for forming the chiral shaped plasma.
FIG. 4. Photographs of the plasma with different pulse widths of the applied voltage. (a)–(e) correspond to the pulse widths of 0.5, 1, 2, 5, and 10 ls, respectively. The tube
internal diameter is 4 mm, the external diameter is 8 mm, and the total length of the quartz tube is 10 cm. Working gas: N2, gas pressure: 7 kPa, amplitude of voltage: 4.5 kV,
and pulse frequency: 2 kHz.
FIG. 5. Photographs of the plasma with different pulse frequencies of the applied voltage. (a)–(d) correspond to the pulse frequencies of 1, 3, 5, and 7 kHz, respectively. The
tube internal diameter is 4 mm, the external diameter is 8 mm, and the total length of the quartz tube is 10 cm. Working gas: N2, gas pressure: 7 kPa, amplitude of voltage:
4.5 kV, and pulse width: 1 ls.
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2. Abrupt changing the diameter of the tube
First, the tube as shown in Fig. 1(d) is used, and the photographs
of the plasma are shown in Fig. 8. Figure 8(b) shows that, when d1
¼ 2mm, it is too small for the plasma to form a chiral shape.
However, on the right side of the tube, when the inner diameter of the
tube is increased to 4mm, a chiral plasma can be formed starting at
the position of about 2 cm away from the joint position. Besides, it is
found that upon either increasing or decreasing the gas pressure or
increasing or reducing the applied voltage, the discharge cannot form
the chiral shape in the tube with an inner diameter of 2mm. Figure
8(c) shows that, when the inner diameter of the tube is reduced from
4mm to 2mm, the chiral plasma formation in the left side of the tube
cannot propagate into the right side of the tube. On the other hand,
when we keep reducing the gas pressure, the plasma can gradually
propagate into the right side of the tube, but it is diffused rather than
having a chiral shape.
3. Horn shape of the tube
Since the diameter of the tube affects the formation of chiral
plasma, next, the quartz tube with a horn shaped opening as shown in
Fig. 1(c) is used, and the photographs of the plasma for different open-
ing angles a are shown in Fig. 9. When a is 5 as shown in Fig. 9(b),
the plasma can still form a chiral shape with a much longer pitch.
When a is increased to 10 as shown in Fig. 9(c), a blurry chiral
plasma can be seen, but it only has one turn. Upon increasing a to 20,
the chiral shaped plasma disappear, and the plasma only propagates
FIG. 6. Photographs of the plasma in quartz tubes with different thicknesses of the tube wall. (a)–(d) correspond to the thicknesses of 1, 2, 3, and 4mm, respectively. Inner
diameter d1 of all the tubes is 4 mm, and the total length of all the tubes is 10 cm. Working gas: N2; gas pressure: 7 kPa, amplitude of voltage: 4.5 kV, pulse frequency: 2 kHz,
and pulse width: 1 ls.
FIG. 7. Photographs of the plasma in quartz tubes with different thicknesses of the tube wall. (a)–(d) correspond to the thicknesses of 1, 2, 3, and 4mm, respectively. Inner
diameter d1 of all the tubes is 4 mm, and the total length of all the tubes is 10 cm. Working gas: N2; gas pressure: 7 kPa, amplitude of voltage: 4.5 kV, pulse frequency: 6 kHz,
and pulse width: 1 ls.
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along one side of the horn tube. For the three horn shaped tubes with
the different opening angles, when the applied voltage is reduced to
4 kV, the plasma only reaches the joint of the horn tube. On the other
hand, when the applied voltage is increased to 5 kV, the plasma only
propagates along one side of the horn tube, and no chiral shaped
plasma can be observed.
As can be seen from Fig. 9, the chiral shaped plasma first forms
in the straight part of the tube, and then it propagates into the horn
shaped tube. Thus, the length of the straight part of the tube might
affect the appearance of the plasma in the horn shaped tube. To see if
this is true or not and to see how it affects the plasma behavior in the
horn shaped tube, the different lengths x of the straight part of the
tube with the same opening angle a of 5 are studied. As shown in Fig.
10, with the decrease in x, the turns of the chiral shaped plasma in the
horn shaped tube gradually increases.
4. Square quartz tube
For all the experiments discussed above, only circular tubes are
used. If square tube is used, it would disrupt the axial symmetry of the
system and may result in the disappearance of the chiral shape of the
plasma. To see if this is true or not, a square quartz tube is used in the
FIG. 8. Photographs of the plasma in quartz tubes with two different inner diameters connected. (a) the same inner diameter and (b) the inner diameters of the left side d1 and right
side d3 of the tube are 2 and 4mm, respectively. (c) The inner diameters of the left side d1 and right side d3 of the tube are 4 and 2mm, respectively. The wall thickness of the
tube is 2mm, and the total length of the tube is 10 cm. Working gas: N2; gas pressure: 7 kPa, amplitude of voltage: 4.5 kV, pulse frequency: 2 kHz, and pulse width: 1 ls.
FIG. 9. Photographs of the plasma in quartz tubes of a horn shape with different
opening angles. (a)–(d) correspond to the opening angles of 0, 5, 10, and 20,
respectively. The total length of the tube is 10 cm. The straight part of the tube for
(b), (c), and (d) is 5 cm. Working gas: N2; gas pressure: 7 kPa, amplitude of voltage:
4.5 kV, pulse frequency: 2 kHz, and pulse width: 1 ls.
FIG. 10. Photographs of the plasma in quartz tube of horn shape with different
lengths of the straight part. The opening angle is 5 for all the three cases. (a)–(c)
correspond to the length of the straight part of 5, 4, and 3 cm, respectively. Working
gas: N2; gas pressure: 7 kPa, amplitude of voltage: 4.5 kV, pulse frequency: 2 kHz,
and pulse width: 1 ls.
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following experiments. The plasma in the square quartz tube is
shown in Fig. 11(b). Different from the plasma in circular quartz tube
[Fig. 11(a)], the plasma in the square quartz tube only propagates
along one side.
Finally, to see if an already formed chiral plasma can propagate
in a square tube, circular tubes with different lengths are connected to
square tube as shown in Fig. 1(f). The plasmas are shown in Fig. 12. It
can be seen that there is still no chiral shaped plasma in the square
tube, and even the chiral plasmas already formed in the left side of the
circular tubes.
C. The effect of the electrode position on the chiral
plasma
For all the experimental results discussed above, the high voltage
electrode is placed at the center of the tube. If the electrode is placed
away from the center of the tube, the symmetrical characteristic of the
discharge will be disrupted, which might affect the appearance of the
chiral plasma. Next, the high voltage electrode is placed at different
distances s from the top inner wall of the quartz tube. s¼ 0 means that
it is placed next to the top inner wall of the quartz tube. s¼ 2, 3, and
4mm correspond to the center of the tube, 1mm lower away from the
center of the tube, and at the bottom inner wall of the tube, respec-
tively. Figure 13 shows the photographs of the plasma for s¼ 0, 2, 3,
and 4mm, respectively. It shows that the change of s does not affect
the formation of the chiral plasma plume. Either the pitch or the total
length of the chiral plasma is the same for all the different s values.
IV. DISCUSSION AND CONCLUSION
In previous works, the effects of gas pressure, applied voltage,
and other parameters on the chiral plasma were investigated. The
additional helical coil and ring were applied to investigate how they
would affect the appearance of the plasma. It is found that the forma-
tion of the chiral plasma plume occurs only under limited experimen-
tal conditions. It is noted that all previous experiments used only
circular tube, and the tube plays an important role in the formation of
the chiral plasma plume. In this paper, to have better understanding of
how the chiral plasma is generated, in addition to the effect of the elec-
tric parameters on the chiral plasma, the effects of the tube geometry
on the chiral plasma are investigated.
First, the thickness of dielectric tube would affect the impedance
of the discharge circuit; thus, it might affect the appearance of the
plasma plume. It is interesting to find that a too thin or too thick tube
wall is not favorable for generating the chiral plasma. The chiral
plasma plume can be obtained only at the tube wall thickness of
2mm. It is interesting to point out that, when the experiment was
designed, it was assumed that a thicker tube wall could result in larger
capacitance of the plasma to the virtual ambient ground, and thus, the
FIG. 11. Photographs of the plasma in circular and square quartz tubes. (a) Circular quartz tube with an inner diameter of 4 mm and (b) square quartz tube with the length of
its sides of 4 mm.
FIG. 12. Photographs of the plasma in quartz tube where the left part is made of circular tube and the right part is made of square tube. (a) Circular quartz tube; for (b)–(d),
the left part of the circular quartz tube is 5 cm, 4 cm, and 3 cm, respectively.
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electric field component on the radial direction would be increased,
which might result in a shorter pitch of the plasma plume. Certainly,
this was not what was observed, and further investigation is needed.
Second, the effect of the diameter of the tube on the chiral plasma
is investigated. It is found that, when a tube with an inner diameter of
2mm is connected with a tube with an inner diameter of 4mm and
the high voltage electrode is placed in the tube with an inner diameter
of 2mm, a diffuse plasma is generated in the tube with an inner diam-
eter of 2mm, it propagates into the tube with an inner diameter of
4mm, and a chiral plasma can be obtained in the larger diameter tube.
On the other hand, when the high voltage electrode is placed in the
tube with an inner diameter of 4mm, the chiral plasma formation in
the larger diameter tube cannot propagate into the small diameter
tube.
Third, horn shaped tubes with different opening angles are tested.
When the opening angle is 5, the plasma can still form a chiral shape
with a much longer pitch. This might be explained as follows: for the
horn shaped tubes, with the propagation of the plasma plume, it is
equivalent to the increase in the inner diameter of the tube and the
ratio between the electric field components on the axial direction and
on the radial direction might be increased, which might be the reason
for the longer pitch.
When the opening angle is increased to 10, a blurry chiral
plasma can still be seen, but it only has one turn. When we keep
increasing the opening angle to 20, the chiral shaped plasma disap-
pears, and the plasma only propagates along one side of the horn tube.
Fourth, to disrupt the axial symmetry, square quartz tubes are
used. It is found that the plasma in the square quartz tube only propa-
gates along one side of the tube wall.
Finally, the high voltage electrode is placed away from the center
of the circular tube to disrupt its symmetry, and it is found that the
chiral plasma plume can always be seen even if the high voltage is
placed next to the inner wall of the tube. Either the pitch or the total
length of the chiral plasma is the same for all the different s values.
This phenomenon is unexpected. According to the observed chiral
plasma plume, it keeps the same symmetry when the high voltage
needle electrode is shifted from the center of the tube. Thus, we can
conclude that the magnetic field induced by the current flow on the
needle electrode does not play the essential role in the propagation of
the chiral plasma plume. This is because, when the needle electrode is
shifted from the center of the tube, the magnetic field induced by the
current flow on the needle would not be symmetric along the tube,
and the chiral plasma plume should lose symmetry. But this was not
observed, which might indicate that the magnetic field induced by the
current flow along the needle electrode plays a minor role in the for-
mation of the chiral plasma plume.
In short, in this paper, by using different shapes of the tubes and
by shifting the electrode away from the center to disrupt the symme-
try, we have better understanding of the chiral plasma plume behavior.
We know more about the conditions to generate the chiral plasma,
such as the suitable thickness and diameter of the tube for obtaining
clear chiral plasma; a too large opening angle of the horn tube is not
favorable for the propagation of the chiral plasma. However, there are
still many questions which need to be answered. For example, for dif-
ferent thicknesses of tubes, only when the thickness is 2mm, a clear
chiral plasma can be observed; the reason is not clearly understood.
We thought that the thicker wall of the tube would result in lower
impedance of the discharge circuit, and thus, it might be favorable for
generating the chiral plasma. But experimental results show that this is
obviously not the case. Nevertheless, why the plasma assumes a chiral
shape is not understood yet. More experiments including simulations
are needed to understand the chiral plasma behavior.
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